Fish, olive, and coconut oil dietary supplementation have several cardioprotective benefits, but it is not established if they protect against air pollution-induced adverse effects. We hypothesized that these dietary supplements would attenuate ozone-induced systemic and pulmonary effects. Male Wistar Kyoto rats were fed either a normal diet, or a diet supplemented with fish, olive, or coconut oil for 8 weeks. Animals were then exposed to air or ozone (0.8 ppm), 4 h/day for 2 days. Ozone exposure increased phenylephrine-induced aortic vasocontraction, which was completely abolished in rats fed the fish oil diet. Despite this cardioprotective effect, the fish oil diet increased baseline levels of bronchoalveolar lavage fluid (BALF) markers of lung injury and inflammation. Ozone-induced pulmonary injury/ inflammation were comparable in rats on normal, coconut oil, and olive oil diets with altered expression of markers in animals fed the fish oil diet. Fish oil, regardless of exposure, led to enlarged, foamy macrophages in the BALF that coincided with decreased pulmonary mRNA expression of cholesterol transporters, cholesterol receptors, and nuclear receptors. Serum microRNA profile was assessed and demonstrated marked depletion of a variety of microRNAs in animals fed the fish oil diet, several of which were of splenic origin. No ozone-specific changes were noted. Collectively, these data indicate that although fish oil offered vascular protection from ozone exposure, it increased pulmonary injury/inflammation and impaired lipid transport mechanisms resulting in foamy macrophage accumulation, demonstrating the need to be cognizant of potential off-target pulmonary effects that might offset the overall benefit of this vasoprotective supplement.
The essential fatty acids omega-6 and omega-3 have been extensively studied for their beneficial health effects in a variety of chronic diseases, including cardiovascular (Marventano et al., 2015; Zock et al., 2016) , pulmonary (Duvall and Levy, 2016; Schuster et al., 2014; Willemsen, 2016) , neurobehavioral (Grosso et al., 2014; Pompili et al., 2017; Wysocza nski et al., 2016) , metabolic (Guadarrama-Lopez et al., 2014) , and developmental (Velten et al., 2014) conditions. Omega-6 fatty acids are abundant in our diet, especially in Western diets with the increased prevalence of cereal grains; whereas omega-3 fatty acids, found in abundance in oily fish, lean meat, and green leafy vegetables, tend to be more scarce. The ratio of these acids is also an important consideration. The Western diet tends to have a ratio of 15 : 1 favoring the omega-6 fatty acids, whereas the ideal diet to provide the most health benefits would put this ratio closer to 1 : 1 (Innis, 2014 ). An increase of this omega-6 : omega-3 ratio has been linked to increased obesity in the United States (Simopoulos, 2016) . Studies examining how dietary unsaturated fatty acids might offer beneficial effects in chronic inflammatory conditions relate to the incorporation of fatty acids with double bonds into cellular membrane structures, thus altering homeostatic cellular processes induced by environmental exposures, injurious extracellular moieties, or infectious agents (Duvall and Levy, 2016; Palombo et al., 1994) . More recently, studies have also supported the beneficial role of mediumchained saturated fatty acid-rich coconut oil in chronic disease conditions (Eyres et al., 2016) . It is important to keep in mind the health benefits of specific fatty acids should be weighed against individual nutritional needs or disease state, and caution must be exercised because one health disorder might be improved by increasing certain fatty acids while potentially compromising other conditions (Rodrigues et al., 2016; Schwerbrock et al., 2009) .
The use of omega-3 and omega-6 fatty acids has been extensively experimented with in a variety of clinical and experimental studies involving inflammatory conditions. The potential health benefits from these dietary supplements against air pollution-induced adverse cardiovascular effects is not an exception Tong, 2016) . It has been shown that dietary supplement with omega-3 and omega-6 fatty acids attenuated concentrated ambient particle-induced elevations in normalized low frequency heart rate variability (HRV) and reduced the high frequency/low frequency HRV ratio in humans Tong et al., 2015) . Moreover, particulate matter-induced increases in VLDL and triglyceride levels were diminished in humans supplemented with fish oil (Tong et al., 2012) . In another study, humans given olive oil dietary supplementation were protected from vascular effects of particulate matter such as increases in the vasoconstrictor endothelin-1 and reduction in particle-induced inhibition of flow-mediated dilation (Tong et al., 2015) . Because these human studies are restricted to limited biomarkers assessment, it is critical to consider a wide array of local pulmonary and systemic outcomes of dietary intervention using an animal model. However, animal studies incorporating essential fatty acids to mitigate air pollution effects are limited. For instance, a recent study involving repeated exposure to fine particulate matter in mice fed a Western diet with or without supplement with omega-3 fatty acids demonstrated that pulmonary and systemic inflammatory effects of particles were diminished in the omega-3-supplemented group, and this protection coincided with the incorporation of dietary fatty acids in various tissues .
Our recent studies with ozone have implicated the neuroendocrine stress response pathways involving sympathetic adrenal medullary and hypothalamus pituitary adrenal axes in mediating a wide array of systemic metabolic and pulmonary inflammatory effects (Henriquez et al., 2017; Kodavanti, 2016; Miller et al., 2016c) . Ozone exposure was associated with liberation of a variety of fatty acids into the circulation which affect fatty acid metabolism in rats and humans (Miller et al., 2015 (Miller et al., , 2016a . Because the mechanism by which ozone induces lung injury and inflammation involves oxidative modifications of lung lining lipids and cholesterols (Bromberg, 2016) , we postulated that dietary interventions with essential fatty acids might influence health effects of ozone. Based on the evidence that omega-3 and omega-6 fatty acids were protective in particulate matter-induced systemic and pulmonary effects, we hypothesized that dietary supplementation of rats with coconut, fish, and olive oil-based diets would alter vascular and pulmonary effects of ozone. Rats maintained on these and a normal laboratory diet were exposed to ozone acutely followed by the examination of vascular, systemic, and pulmonary effects.
MATERIALS AND METHODS
Animals. Male Wistar Kyoto (WKY) rats were purchased from Charles River Laboratories (Raleigh, NC) and brought to our AAALAC-approved animal facility at 3 weeks of age. Animals were housed two/cage in polycarbonate cages with beta chip bedding at 23 6 1 C and kept on a 12 h light/dark cycle. All experimental protocols were approved by the U.S. EPA's Institutional Animal Care and Use Committee (IACUC). The normal diet contains omega-6 (10.5 g/kg) and omega-3 (3.0 g/kg) fatty acids resulting in an omega-6 : omega-3 ratio of 3.5. The coconut oil-based diet contains omega-6 (6.2 g/kg) and omega-3 (0.8 g/kg) fatty acids resulting in an omega-6 : omega-3 ratio of 7.8. The fish oil-based diet derived from menhaden fish contains omega-6 (7.8 g/kg) and omega-3 fatty acids (20.3 g/kg), of which 9.6 g/kg is eicosapentaenoic acid (EPA) and 6.5 g/kg is docosahexaenoic acid (DHA), leading to an omega-6 : omega-3 ratio of 0.4. The olive oil-based diet derived from extra virgin olive oil contains omega-6 (11.3 g/kg) and omega-3 (1.2 g/kg) fatty acids resulting in an omega-6 : omega-3 ratio of 9.4. Additional details regarding diet composition can be found in Table 1 . Animals were given water and food ad libitum starting at 4 weeks old for 8 weeks until exposure. Diets were refrigerated and fresh food was replaced every 2-3 days throughout the course of this study to minimize oxidation.
Ozone exposures. Ozone was generated in the animal exposure chambers as described previously (Miller et al., 2015) . Animals were exposed to either filtered air or 0.8 ppm ozone for 4 h/day for 2 consecutive days. The average (mean 6 SEM) air temperature (75.01 6 0.21 F), relative humidity (49.84 6 0.30), and ozone concentration (0.8045 6 0.0027 ppm) were monitored continuously.
Necropsy and sample collection. Animals were divided into two identical cohorts (i.e., same diet and exposure protocol) that were designated for various endpoints: Cohort 1 was used to obtain aortic ring segments for myograph assessment (n ¼ 6-8/ group); Cohort 2 was used for body weight, serum total cholesterol and triglycerides, all pulmonary endpoints, complete blood counts (CBC), and serum global miRNA expression assessment (n ¼ 6-8/group). Rats were euthanized within 2 h following the 2nd day of exposure with an overdose of sodium pentobarbital (Fatal-Plus diluted 1 : 1 with saline; I.P. > 200 mg/kg; Vortech Pharmaceuticals, Ltd., Dearborn, MI). Thoracic aorta segments from Cohort 1 were isolated and placed in cold Krebs-Henseleit buffer to be used for aortic function analysis on the same day of collection. Serum and EDTA plasma samples from Cohort 2 were collected from the abdominal aorta. Bronchoalveolar lavage fluid (BALF) was collected from the right lung from Cohort 2 processed for pulmonary injury and inflammation markers. The unlavaged left lung from Cohort 2 was isolated, blotted, flash frozen in liquid nitrogen, and stored at À80˚C for RNA analysis.
Assessment of aortic function. Segments from the thoracic aorta ($2 mm in length) were cleaned of connective tissue and mounted on pins in 8 mL chambers of a multi-wire myograph system (model 620M, Danish Myo Technology, Aarhus, Denmark). The chambers contained 7 mL of continuously oxygenated (95% O 2 and 5% CO 2 ) Krebs-Henseleit buffer (KHB; 120 mM NaCl, 25 mM NaHCO 3 , 11 mM glucose, 4.7 mM KCL, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 and 1 mM CaCl 2 , pH of 7.4) at 37˚C. The artery rings were allowed to equilibrate at a tension of 40 mN for 30 min with buffer change every 15 min before being set to a resting tension of 20 mN. Tissue viability was assessed using 60 mm of KCl for 10 min. After washing out with fresh KHB and return to baseline tension, endothelial integrity was assessed by pre-constricting vessels with 1 mM phenylephrine (PE) for 10 min followed by 1 mM acetylcholine (ACh) for 3 min. Following KHB washouts and return to baseline tension, aortic ring segments were evaluated with various pharmacological agents for vasocontraction (PE), endothelial-dependent vasorelaxation (ACh), and endothelial-independent vasorelaxation (sodium nitroprusside, SNP) to obtain cumulative concentrationresponse curves (1 nM-10 mM) using modified experimental protocols (Thompson et al., 2014) . Vessels were given 3 min to respond to each concentration before the next was applied. Between each pharmacological agent, vessels were washed with fresh KHB every 7 min 2-4 times until they returned to baseline tension. Myograph data was recorded in mN and acquired using LabChart 8 Pro software (ADInstruments, Colorado Springs, CO). Data for each aortic segment were normalized to the vessel surface area to produce segment stress (mN/mm 2 ) as described previously (Thompson et al., 2014) .
BALF analysis. BALF samples were processed for total cell counts, cell differentials (macrophages, neutrophils, lymphocytes, and eosinophils), and pulmonary injury markers (total protein, albumin, N-acetyl glucosaminidase [NAG] activity, lactate dehydrogenase [LDH] activity, and c-glutamyl transferase [GGT] activity) as described previously (Snow et al., 2014) . Images of BALF cell differential stained slides were taken using a Nikon Eclipse Diaphot 300 microscope (Nikon Metrology Inc., Brighton, MI) and Sony DXC970MD-3CCD color video camera (Tokyo, Japan) at 40Â magnification. An aliquot of cell-free BALF from the normal diet and fish oil diet groups was used to quantify cytokine proteins (tumor necrosis factor-a [TNF-a], interleukin-6 [IL-6], IL-1b, KC/GRO, interferon-c [IFN-c]) using the V-PLEX Proinflammatory Panel 2 (rat) Kit on the Meso Scale Discovery electrochemiluminescence (MSD-ECL) platform (Meso Scale Discovery, Rockville, MD) according to the manufacturer's protocol.
Gene expression. RNA was extracted from unlavaged left lung ($20 mg) tissue from the normal diet and fish oil groups using the RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. Isolated RNA concentration was quantified using NanoDrop 2000c Spectrophotometer (ThermoScientific, Waltham, MA). RNA was converted to cDNA using high capacity reverse transcription kit (Applied Biosystems, Waltham, MA). mRNA transcript levels were quantified by real-time PCR using StepOnePlus RealTime PCR system (Applied Biosystems, Waltham, MA). Commercially available primers (ThermoScientific, Waltham, MA) were purchased for peroxisome proliferator-activated receptor-a (PPAR-a; Rn00566193), PPAR-c (Rn00440945), liver X receptor-a (LXR-a; Rn00581185), free fatty acid receptor 4 (FFAR4; Rn01759772), low density lipoprotein receptor (LDLR; Rn00598442), scavenger receptor class B member 1 (SR-BI; Rn00580588), ATP-binding cassette transporter A1 (ABCA1; Rn00710172), and ABCG1 (Rn00585262). 18S ribosomal RNA was used as the endogenous control. Relative quantification was calculated over normal diet, air exposed group using the 2 -DDCT method.
Serum and plasma measurements. EDTA plasma was used to determine CBC using a Beckman-Coulter AcT blood analyzer (Beckman-Coulter Inc., Miami, FL). Serum samples were used to measure total cholesterol and triglycerides as described previously (Miller et al., 2016b) . A separate aliquot of serum from the normal and fish oil diet groups exposed to air or ozone (n ¼ 6/ diet/exposure) were used to assess global miRNA gene expression. Briefly, 100 ml of serum thawed on ice were centrifuged at 3,000 Â g for 5 min. Small RNA was isolated using miRCURY RNA Isolation Biofluids Kit following manufacturer's instructions, including an optional on-column DNase digestion (Exiqon, Woburn, MA). RNA was quantified using Bioanalyzer Small RNA chips (Agilent, Santa Clara, CA). Indexed small RNA sequencing libraries were prepared using CleanTag Small RNA Library Prep Kit (TriLink BioTechnologies, San Diego, CA) with 10 ng of purified input RNA following manufacturer's instructions. Libraries were quantified using Bioanalyzer HighSensitivity DNA chip, pooled, and were sequenced using a NextSeq 500 sequencer on High Output mode (Illumina, San Diego, CA) using 50 cycles of single-end reads. Sequencing data has been deposited to the National Center for Biotechnology Information Gene Expression Omnibus (https://www.ncbi.nlm. nih.gov/geo/; last accessed January 11, 2018) under accession number GSE102015.
Statistical analysis. Male WKY rats are known to develop spontaneous cardiac hypertrophy (5-10%) (Shannahan et al., 2010) . All data collected from rats with hypertrophic hearts were discarded to ensure quality of results. GraphPad Prism v6.0 software (San Diego, CA) was used to graph and analyze body weight, serum total cholesterol and triglycerides, BALF injury/ inflammation markers, lung RNA levels, and CBC data using a two-way ANOVA with diet and exposure as factors. Vascular response curves were compared using a repeated measures two-way ANOVA with nonlinear regression analysis used to compare the four parameter best-fit values. The Holm-Sidak's post-hoc test was used to correct for all multiple comparisons. A p-value < .05 was considered statistically significant. The BALF, CBC, and vascular data that demonstrated a significant ozone-induced response were collected from animals on all four diets and used for pattern recognition. The selected data were quintile normalized, mean centered, and visualized in a heatmap. Hierarchical clustering using Ward linkage was performed from the Euclidean distances among these ozone-responsive endpoints. The analysis was performed using the packages of preprocessCore (version 1.36.0) and ComplexHeatmap (version 1.12.0) in R statistical environment (version 3.3.2).
For miRNA-seq analysis, raw sequencing reads were demultiplexed, and adapters and other low-quality bases were removed using FASTQ Toolkit v2.0.0 in Illumina Basespace applications. To capture miRNA sequences, trimmed sequences of 16 bp or above were retained for analysis. After trimming, one sample with less than 1 M reads was removed from the subsequent analysis (fish oil diet, ozone-exposed sample). In Partek Flow NGS analysis software (Build 6.0.17.0403; Partek, St. Louis, MO), trimmed sequences were aligned to the rat genome (rn5) with Bowtie v1.0.0 and mature miRNA transcript counts were annotated to miRBase v21. Raw counts were normalized by trimmed mean of M values (TMM) (Robinson and Oshlack, 2010) and differentially expressed miRNAs were determined by Gene-Specific Analysis (GSA) using a negative binomial model. Significant alterations between group comparisons were determined by Storey q-value < 0.05 (Storey and Tibshirani, 2003) .
RESULTS
Body Fat, Total Cholesterol, and Triglycerides Levels Are Altered by Oil-Based Diets Starting at 4 weeks of age, WKY rats were placed on a normal diet or diet enriched with coconut oil, fish oil, or olive oil for 8 weeks. At necropsy following a 2-day exposure to filtered air or ozone (0.8 ppm), the animals were weighed and serum was collected to measure total cholesterol and triglyceride levels ( Table 2 ). All animals fed the experimental diets had significantly increased body weights relative to those fed the normal diet except for the group exposed to ozone on the olive oil diet. Serum total cholesterol levels were significantly increased by diet and ozone exposure except for the animals fed the fish oilbased diet. Rats fed the coconut oil and olive oil dietary supplementation had significantly increased triglyceride levels; however, this marker was not affected by exposure to ozone regardless of diet.
Fish Oil Attenuates Ozone-Induced Vasocontraction in Response to PE Aortic segments were isolated for myographic assessment of vascular reactivity in response to pharmacological intervention following the 2-day ozone exposure. Stress response curves for PE demonstrated significantly augmented ozone-induced vasocontraction and altered best-fit curve values in animals fed the normal diet (Figure 1 ), coconut oil dietary supplementation ( Figure 1A) , and olive oil dietary supplementation ( Figure 1C ) compared with their respective air controls. Notably, rats fed the fish oil diet were protected against ozone-induced vasocontraction ( Figure 1B ), suggesting this dietary supplement offers vascular protection. Neither ozone exposure nor diet altered endothelial-dependent relaxation responses to ACh or endothelial-independent relaxation responses to SNP (data not shown). No significant changes were noted in EC50 nor Hillslope values for any pharmacological agents tested (data not shown).
Pulmonary Injury and Inflammation Markers Are Elevated by Ozone Exposure and Fish Oil Supplementation
To determine if these dietary supplements offered any protection in the lung against ozone exposure, BALF was analyzed for markers of pulmonary injury and inflammation. Regardless of diet, exposure to ozone led to elevated levels of total protein ( Figure 2A ) and albumin ( Figure 2B ), markers of vascular permeability, and NAG activity ( Figure 2C ), a marker for macrophage activation. Surprisingly, animals fed the fish oil diet had elevated baseline levels of total protein, NAG activity, and LDH activity in the air-exposed group ( Figure 2D ). Fish oil also exacerbated the ozone-induced increases in NAG activity while blunting the ozone-induced increases in albumin levels. Levels of GGT activity, a marker of cellular injury, was slightly elevated by all oil-based diets regardless of exposure.
Ozone exposure in animals fed the normal, coconut oil, and olive oil diets led to characteristic increases in the numbers of BALF neutrophils ( Figure 3C ) (Kodavanti et al., 2015a) and eosinophils ( Figure 3D ) (Kumagai et al., 2017) . This increase in BALF inflammatory cells was accompanied by a significant decrease in circulating white blood cells and lymphocytes with increases in circulating platelets regardless of diet (Table 3) , a response typically seen following exposure to ozone (Miller et al., 2016c) . Similar to the pulmonary injury markers, we found that baseline levels of all lung inflammatory cells measured in air exposed animals were remarkably elevated in the animals given the fish oil supplementation (Figure 3) . While performing the cell differentials, it was noted that in addition to the increased number of BALF total cells, alveolar macrophages, neutrophils, and eosinophils in the fish oil diet group exposed to air or ozone, the macrophages present were enlarged, foamy, and appeared to be filled with lipid droplets (Figure 4) . Ozone exposure did not further exacerbate these fish oil diet-induced changes in the lung.
To further examine these unexpected baseline responses in the animals fed the fish oil diet, we collected the BALF, CBC, and vascular data that demonstrated a significant ozone-induced response from all animals for pattern recognition. The resulting heatmap illustrates a clear separation between air-exposed and ozone-exposed animals except for the fish oil air-exposed group, which demonstrated unique clustering similar to the responses shown in the ozone exposed animals ( Figure 5 ). Based on these findings, we elected to further investigate the pulmonary effect of consuming a fish oil supplemented diet.
Ozone Exposure and Fish Oil Diet Modify Expression of Metabolic
Lung RNA Markers Lung RNA was isolated to determine if lipid receptors and cholesterol transporters were altered by ozone exposure and/or the fish oil diet. Fish oil supplementation led to significant decreases in lung RNA expression of nuclear receptors (PPAR-a [ Figure 6A ] and LXR-a [ Figure 6C ]), cholesterol receptors (LDLR [ Figure 6E ] and SR-BI [ Figure 6F ]), and cholesterol transporters (ABCA1 [ Figure 6G ] and ABCG1 [ Figure 6H] ). In the animals fed the normal diet, ozone exposure alone significantly decreased PPAR-a, whereas PPAR-c (nuclear receptor, Figure 6B ), FFAR4 (fatty acid receptor, Figure 6D ), and LDLR were significantly increased compared with the filtered air group. No further changes were noted between the filtered air and ozone groups in the animals fed the fish oil diet (Figure 6 ). Collectively, these data suggest that fish oil supplementation attenuates the expression of genes associated with lipid metabolism/transportation regardless of exposure.
Ozone Exposure and Fish Oil Diet Alter Pulmonary Inflammation
A multiplex proinflammatory panel was used to evaluate changes in BALF cytokine expression in the animals fed the normal or fish oil diet following ozone exposure (Figs. 7A-E) . In the animals fed the normal diet, ozone exposure led to significant decreases in IL-1b ( Figure 7D ) and IFN-c ( Figure 7E ) levels, as well as slight but insignificant increases in TNF-a (Figure7A) and IL-6 levels ( Figure 7B ). The ozone-induced increases in TNFa and IL-6 were significantly exacerbated when the animals were fed the fish oil diet, demonstrating increased pulmonary inflammation. Furthermore, the fish oil diet alone altered baseline levels of TNF-a, KC/GRO ( Figure 7C ), IL-1b, and IFN-c, suggesting the diet is modifying the inflammatory state of the lung. No diet-or ozone-induced changes were noted in BALF levels of IL-4, IL-5, IL-10, or IL-13 (data not shown). Segments of the thoracic aorta were isolated following a 2-day exposure to filtered air or 0.8 ppm ozone in animals fed a normal diet or diet enriched with (A) coconut oil, (B) fish oil, or (C) olive oil. Concentration-response curves for phenylephrine (PE) were generated. Data are separated by oil-based diet and compared with normal diet for ease of viewing. Data show mean 6 SEM (n ¼ 6-8/ group). * ¼ p < .05 significantly different than filtered air group within same diet. ‡ ¼ p < .05 significantly different by regression analysis of best-fit curve values.
Serum microRNA Expression Is Altered by Fish Oil Diet
To elucidate the possible mechanism of increased inflammation in rats due to exposure and diet, we measured circulating microRNAs in the serum, which can indicate tissue-specific perturbation or toxicity (Harrill et al., 2016) . Although we did not observe ozone-mediated alterations, small RNA-sequencing demonstrated 63 and 69 altered microRNAs in the serum of animals fed fish oil compared with normal diet in the air or ozone exposure condition, respectively. Interestingly, of the 55 common microRNAs, all measured lower in the serum of rats fed fish oil diet ( Figure 8A ). Of these 55 altered microRNAs, 15 were of known origin when compared with lists of identified tissuespecific derived microRNAs in rats (Minami et al., 2014; Smith et al., 2016; Wang et al., 2007) . The top enriched microRNA origins were spleen, followed by brain, blood, and intestine ( Figure 8B ).
DISCUSSION
The goal of the study was to examine if coconut oil, fish oil, and olive oil supplemented diets, relative to our normal animal facility diet, offered protection from vascular effects of ozone as Figure 2 . Exposure to ozone induces pulmonary injury. BALF samples were collected at necropsy following a 2-day exposure to filtered air or ozone in animals fed a normal diet or diet enriched with coconut oil, fish oil, or olive oil. Samples were analyzed for (A) total protein, (B) albumin, (C) NAG activity, (D) LDH activity, and (E) GGT activity. Data show mean 6 SEM (n ¼ 6-8/group). * ¼ p < .05 significantly different than filtered air group within same diet. † ¼ p < .05 significantly different than normal diet group for the same exposure. ‡ ¼ p < .05 significantly different than coconut oil diet group for the same exposure. § ¼ p < .05 significantly different than fish oil diet group for the same exposure. Figure 3 . Inflammatory cells in BALF are increased by ozone exposure and fish oil diet. BALF samples were collected at necropsy following a 2-day exposure to filtered air or ozone in animals fed a normal diet or diet enriched with coconut oil, fish oil, or olive oil. Samples were analyzed for (A) total cells, (B) macrophages, (C) neutrophils, (D) eosinophils, and (E) lymphocytes. Data show mean 6 SEM (n ¼ 6-8/group). * ¼ p < .05 significantly different than filtered air group within same diet. † ¼ p < .05 significantly different than normal diet group for the same exposure. ‡ ¼ p < .05 significantly different than coconut oil diet group for the same exposure. § ¼ p < 0.05 significantly different than fish oil diet group for the same exposure.
has been observed in humans after particulate matter exposure (Tong et al., 2015) , and if so, how these diets impacted pulmonary and systemic effects of ozone. We demonstrate that fish oil but not olive oil or coconut oil dietary supplementation offered protection from acute ozone-induced vasoconstrictive response to PE in isolated aortic rings in rats. However, unexpectedly, rats receiving the fish oil diet exhibited marked increases in BALF total protein, cytokines, markers of lung injury/inflammation, and macrophage activation at baseline, which were associated with increased accumulation of foamy, enlarged macrophages. Ozone-induced increases in lung injury and inflammation were generally comparable between normal, olive oil, and coconut oil diets; however, in those fed the fish oil diet, ozone effects were not further exacerbated, likely due to already elevated baseline levels. Rather, ozone-induced increases in BALF albumin leakage, LDH activity, and neutrophilia were attenuated in rats maintained on the fish oil-rich diet. To further examine molecular targets of pulmonary and systemic effects, the expression of genes encoding for lipid transporters in lung and circulating microRNA profiles were examined in airand ozone-exposed rats fed the normal and fish oil diets. Rats receiving fish oil dietary supplementation at baseline had marked inhibition of PPAR-a, LXR-a, LDLR, SR-BI, ABCA1, and ABCG1, leading to impaired lipid transport and inhibition of clearance of lipids from macrophages in lungs. Ozone exposure markedly inhibited pulmonary PPAR-a, but increased expression of PPAR-c, FFAR4, and LDLR in animals fed the normal diet. However, these ozone effects were minimal in rats maintained on the fish oil-rich diet. Although no ozone effect was apparent, the fish oil diet was associated with remarkable reduction in levels of multiple microRNAs in the serum, many of them of splenic origin. This implies that the accumulation of macrophages in the lung might be linked to inhibition of appearance of splenic microRNA in the circulation because the spleen plays a major role in macrophage egress and extravasation. These findings emphasize the protective role of dietary omega-3 fatty acids against cardiovascular effects of ozone, while at the same time, demonstrate lung injury/inflammation by adversely affecting pulmonary lipid metabolism that results in the accumulation of foamy, enlarged macrophages.
Essential fatty acids are incorporated into cellular components and thus, it is not surprising that the saturation status of these fatty acids can have profound effects on cellular processes. This is especially true in organs involving active lipid metabolism such as the lungs which synthesize lipid-rich surfactants (Fessler and Summer, 2016) . Although omega-6 and omega-3 fatty acids have been shown to offer protection from a number of chronic inflammatory conditions, the ratios between these two, as well as the EPA and DHA content, have been shown to be important in numerous disease processes . Fish oil diet led to enlarged, foamy macrophages in BALF. BALF samples were collected at necropsy following a 2-day exposure to filtered air or ozone in animals fed a normal diet or diet enriched with coconut oil, fish oil, or olive oil. Representative images from stained slides at 40Â magnification demonstrate the presence of normal macrophages (*), enlarged, foamy macrophages (!), and neutrophils ( †). (Simopoulos, 2016) . Furthermore, the quality (i.e., source, oxidative state) (Rundblad et al., 2017) and the amount of dietary intake (Serini et al., 2011) for these essential fatty acids will likely have an impact on air pollution-induced vascular and pulmonary effects. In a prior study investigating ambient particulate matter exposure in humans, Tong et al. (2012) provided participants with 3 g of olive oil or fish oil supplements in the form of capsules (the recommended daily dose level), an amount that is roughly equivalent to 2% by weight of the diets we provided the rats in our study. Although the levels of supplements used in the present study are higher than what has previously been used to investigate potential protective effects against an environmental exposure, these amounts have been used in other clinical and animal studies (Barbosa et al., 2016; Lewis et al., 2017; Parish et al., 2014; Petursdottir and Hardardottir, 2007; Prescott et al., 1985; Stapleton et al., 2011) and suggest the health outcomes in our rodent study could be relevant to humans. The pulmonary and cardiovascular effects of ozone exposure have been extensively studied for decades and is known to induce vasocontraction in humans (Brook et al., 2002) . Using an ex vivo aortic ring bath to assess vascular reactivity, we demonstrate that ozone amplified vasocontraction in response to PE. This finding was not influenced by the coconut oil diet or the olive oil diet that is primarily made up of the monounsaturated fat oleic acid. However, ozone-induced vasocontraction was prevented in rats maintained on the fish oil diet, an observation consistent with the attenuated vasoconstrictive response from particulate matter exposure in humans given fish oil supplementation (Tong et al., 2015) . In contrast, this same study demonstrated protection in humans receiving oleic acid from particulate matter-induced vasocontraction. This lack of protection provided by olive oil, which is rich in oleic acid, on ozoneinduced vasocontraction in the present study could be due to the overall similarity in the content of polyunsaturated fatty acids between the normal diet and olive oil-rich diet (10.0 and 12.5 g/kg, respectively), despite differences in total fat content. The mechanism by which the fish oil diet might diminish vasoconstrictive effects of ozone are complex and require further exploration.
Accumulation of foamy macrophages in the lungs of rats fed the fish oil-rich diet, but not olive oil or coconut oil diets, points to the potential role and impact of omega-3 fatty acid content Figure 5 . Unsupervised machine learning reveals separation after ozone exposure and unique clustering in fish oil diet group. Ozone-responsive endpoints including BALF injury and inflammation markers, circulating WBC and lymphocytes, and stress values from the PE concentration response curve were collected for pattern recognition with hierarchical clustering. Quantile normalized data were plotted for all the treatment groups. Color scale for the heatmap is provided on the right-hand side.
and the omega-6: omega-3 ratio on overall surfactant and lipid recycling in the lung. It is noteworthy that BALF total protein increased without changes in albumin, suggesting that this effect of fish oil diet was not impacting serum protein leakage. Rather, the content of nonalbumin proteins increased indicating the distinct mechanism by which the fish oil-rich diet likely influenced lung integrity over the 8-week dietary regimen. It has been shown that diet-induced b-lipoproteinemia (i.e., elevated LDL and VLDL serum levels) results in accumulation of foamy monocytes in the blood and foamy macrophages in the lung, suggesting that lipid accumulation might occur in this case in the blood monocytes (Shibuya et al., 1991) . Cationic amphiphilic drugs are also known to induce accumulation of foamy lipidladen macrophages in the lungs, which is associated with inhibition of lung and macrophage phospholipases (Kodavanti and Mehendale, 1991) . Furthermore, targeted PPAR-c deficiency in alveolar macrophages (Baker et al., 2010) and inhibition of lipid transporters such as ABCG1 (Baldan et al., 2008) is associated with chronic lung inflammation and accumulation of foamy macrophages. Interestingly, in this study, several lipid metabolism and transport markers were markedly reduced including PPARs, ABCG1, and ABCA1 in the lungs of rats maintained on fish oil dietary supplementation. The pulmonary accumulation of foam cells, thus, could be due to inhibition of lipid transport and likely catabolism of surfactant lipids induced by the fish oil-rich diet in the lungs of rats. It is not clear if this inhibition could have occurred in extra-pulmonary tissues or whether there were widespread lipid metabolism effects. However, this appears unlikely as the animals fed the fish oil diet did not have increased circulating triglycerides or cholesterols unlike those fed the olive oil and coconut oil diets. These unexpected findings are supported by failed large clinical trials involving omega-3 fatty acid supplementation in acute respiratory distress syndrome patients with ventilator-induced lung injury (Rice et al., 2011; Schott and Huang, 2012) and need to be examined at a systemic level in both animal models and humans due to the widespread use of a variety of fish oils and omega-3 dietary supplements.
Relative to animals fed the normal diet, there was only a modest influence of the olive oil-and coconut oil-rich diets on ozone-induced pulmonary vascular leakage and inflammation despite increased levels of circulating triglycerides and Figure 6 . Lung RNA expression is altered by ozone exposure and fish oil diet. Lungs were collected at necropsy following a 2-day exposure to filtered air or ozone in animals fed a normal diet or diet enriched with fish oil. Lung RNA was extracted and measured for expression of nuclear receptors (A, PPAR-a; B, PPAR-c; and C, LXR-a), lipid receptors (D, FFAR4; E, LDLR; and F, SR-BI), and cholesterol transporters (G, ABCA1 and H, ABCG1) . Data show mean 6 SEM (n ¼ 8/group). * ¼ p < .05 significantly different than filtered air group within same diet. † ¼ p < .05 significantly different than normal diet group for the same exposure. cholesterols. However, there was marked diminution of ozone effects in animals fed the fish oil diet. This emphasizes the importance of the composition of fatty acids, especially omega-3 and the differences in the omega-6 : omega-3 ratio found between the four diets, in mediating systemic and pulmonary effects of ozone. In general, the influence of diet-induced obesity and genetic lipid storage disorders that are linked to increased circulating cholesterols and triglycerides have provided variable and often opposing results in terms of exacerbation or inhibition of pulmonary and systemic air pollution effects (Gordon et al., 2016; Johnston et al., 2008; Kodavanti et al., 2015a,b) . These findings reemphasize the contribution of cellular and systemic fatty acid composition variability, especially EPA and DHA content, in influencing air pollution health effects. It is likely that omega-3 fatty acids, although causing inhibition of lipid transporters in the lung and accumulation of foamy macrophages, might reduce innate neutrophil inflammatory response of ozone as no further increase in neutrophils occurred after ozone exposure in rats maintained on the fish oil enriched diet.
No prior studies have systematically examined fish oil dietary influence on the global serum microRNA profile in rats. The mechanism by which the fish oil-rich diet reduced the levels of circulating microRNA in rats is unclear; however, it is apparent that several reduced microRNAs in the serum were of splenic origin. It has been shown that dietary fish oil plays an important role in macrophage homeostasis of the spleen by increasing the number of macrophages and the secretion of TNF-a in the spleen (Petursdottir and Hardardottir, 2007) . Although fish oil supplementation has been shown to be anti-inflammatory when considering cytokine production by T cells, it is also known to have proinflammatory effects by increasing TNF-a production in macrophages that may be regulated by changes in prostaglandin synthesis (Ertel et al., 1993) . Although we did not examine the splenic macrophage response in this study, it has been previously shown that ozone exposure is associated with increases in the proportion of cytotoxic macrophages expressing TNF-a from the spleen (Francis et al., 2017) . The precise mechanism cannot be ascertained; however, the decreased levels of microRNA of splenic origin in serum, increased number of foamy macrophages in the lung, increased BALF TNF-a at baseline, and exacerbation of BALF TNF-a levels following ozone exposure point to differential mechanisms by which the fish oil-rich diet might impact macrophage-mediated and innate immune response to ozone in the lung.
In conclusion, we demonstrate that fish oil, but not coconut oil or olive oil-supplemented diets, protect rats from ozoneinduced vasocontraction. However, rats receiving fish oil dietary supplementation developed pulmonary complications associated with inhibition of lipid and cholesterol transporters/metabolism, increased appearance of foamy alveolar macrophages, levels of BALF total protein, markers of lung cell injury, macrophage activation, and neutrophilia at baseline. Furthermore, although ozone-induced increases in BALF albumin leakage and neutrophilic inflammation were not present, increases in BALF TNF-a and IL-6 were exacerbated by the fish oil-rich diet. The fish oil diet also induced a generalized depletion of several circulating microRNA, many of which originated from the spleen that is involved in macrophage immune responses, suggesting its role in the modulation of pulmonary complications associated with the fish oil diet. These findings, while confirming protective cardiovascular effects of the fish oil diet, raises important health concerns linked to macrophage-mediated immune responses and its interaction with air pollutant effects, thus demonstrating the need to be cognizant of potential offtarget effects that might offset the overall benefit of this vasoprotective dietary supplement. Data show mean 6 SEM (n ¼ 6/group). * ¼ p < .05 significantly different than filtered air group within same diet. † ¼ p < .05 significantly different than normal diet group for the same exposure.
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